We calculate electrostatic multipole moments of C 60 up to l=18 using the quantum-mechanical charge distribution with icosahedral symmetry obtained from ab initio calculations. It is found that the second nonzero moment (l=10) is comparable to the first nonzero moment (l=6). The values of several low-order multipole moments are almost 10 times smaller than those found from the charge distribution of recently proposed potential models and thus the actual Coulomb interaction between C 60 molecules is much smaller than previously predicted. Much better agreement with calculated multipoles is obtained from a model which introduces point charges at the center of hexagonal and pentagonal plaquettes, following the physical arguments of David et al. [Nature 353, 147 (1991)]. We show that a multipole expansion including only l=6 and 10 moments can predict the potential due to a C 60 molecule at distances R≥2R 0 within an error of about 5%, where R 0 is the radius of the C 60 molecule. At distances less than R<3/2R 0 the multipole expansion is qualitatively incorrect even if one includes the terms up to l=18, indicating the importance of short-range quantum effects at these distances. The Coulomb interaction we obtain predicts two nearly degenerate, locally stable configurations for solid C 60 : (1) a metastable structure with Pa3 symmetry and setting angle φ=23.3°, close to experimentally observed value, and (2) a global minimum with the Pa3 structure but a setting angle φ=93.6°. We give physical arguments for expecting two such configurations and give a qualitative explanation for their near degeneracy. We conclude that a satisfactory intermolecular potential requires a first-principles calculation of the quantum-mechanical short-range repulsive interactions. 
I. INTRODUCTION
Solid C60 is a system that is interesting for both theoretical and technological reasons. The metal-doped systems, such as KsCso, are moderately high-temperature superconductors, whereas undoped C60 shows an orientational ordering transition. This paper is concerned with the quantum-mechanical basis for models of orientational interactions between C6o molecules.
Before discussing the orientational properties of solid Csp, we briefly review some properties of the isolated molecule. The Cso molecule is a nearly spherical molecule in the shape of a truncated icosahedron. (For a description of icosahedra see Ref. 2). The Cso truncated icosahedra thus represent a replica, on an atomic scale, of a soccer ball, as pictured in Ref. 3. The molecule has 20 hexagonal and 12 pentagonal faces. The pentagons are regular (i.e. , all sides are equal), whereas the hexagons consist of alternate single and double bonds having respective lengths of 1.45 A and 1.40 A.. s For some purposes, e.g. , where only symmetry is important, it is convenient to consider the simpler untruncated icosahedron having 12 vertices and 20 faces. When circumscribed by a cube such that each face of the cube has a twofold axis passing through its center, one obtains the schematic representation shown in Fig. 1(a) . This orientation is referred to as the "standard" orientation.
The orientational properties of solid crystalline C60 are unique and quite interesting. This solid undergoes a phase transition6 from a high-temperature orientationally disordered phase7 to a low-temperature orientationally ordered phase whose structure is that of space group Pa3.
In this structure each of the four molecules in the unit cell is rotated about its local [1,1,1] direction, starting from the standard orientation, through a setting angle P, whose value is about 22' -26'. s ii (The sym- metry and description of this structure is discussed in detail in Ref. 12. ) Although the nature of the Landau theory to describe this transition was first obtainedi2 on the basis of symmetry alone, it is of course interesting to give a statistical treatment of this transition and other orientational properties 4 5 starting from a microscopic orientational Hamiltonian.
Clearly, to understand many of the properties of Csp and its derivatives, it is essential to have a good intermolecular potential.
In many contexts such a potential may be viewed as consisting of two parts: one the isotropic (orientation-independent) part and the other the orientation-dependent part.
The description of the dynamics of the center of mass of the molecules depends mainly on the isotropic part, whereas orientational dynamics of the molecules depends mainly on the orientational-dependent part of the intermolecular potential, ' Once the self-consistent ground-state wave functions have been calculated, the density and potential can be computed on an arbitrary set of points. In the remainder of this paper, p(r) will be understood as the density due to the occupied valence states only, although we note again that core states are explicitly included in the self-consistency cycle. As we shall see, the contributions to the multipole moments due to the charge density of the core electrons is conveniently treated. (In our calculation the separation of charge density into "core" and "valence" contributions is a natural one which is easily implemented. ) By using a Gaussian basis set, the Coulomb potential (understood to be based on the total electron density) can be expressed directly in Fig. 1(a) . The odd m terms are zero because of reflection symmetry. As an alternative to this standard orientation reference frame, it is more convenient to calculate multipoles in a reference frame where a fivefold symmetry axis of Cso coincides with the z axis. In this case, the molecule is oriented so that one pentagonal facet is perpendicular to the z axis, as shown in Fig. 1(b) . In this frame, because of the fivefold symmetry, Qi vanishes unless m is 0, +5, .... Thus, for instance, for l = 6 we have only three nonzero multipoles, Qso and Qs . The phase of the complex quantity QP depends on how the pentagonal facet is oriented, subject to its being in an x'-y' plane. For the choice shown in Fig. 1(b) , the x'-z' plane is a reflection plane, and consequently the Q& 's are all real. The values given below all refer to this reference frame.
To save computer time and also to increase accuracy in the evaluation of three-dimensional integrals, one can reduce the integration limits given in Eq. (1) Fig. 4(b) At this value of RD and Rs, two charges along the bond converges to the center of bond and thus we have 2qD and 2qs charges at the double and single bond centers, respectively.
In Table III , we list a few solutions. The first solution is the one which contains a minimum number of point charges. The other solutions include more point-charge centers, but do not have any advantage over the first solution. When we set both qD = qs = 0 we do not get any physical solutions to fit the five multipoles. However, by varying RH and R~one can fit the moments t = 6, 10, and 12. The model with qg = q~= 0 has 93 point charges on a C60 molecule and predicts the potential with an error twice that of the model with nonzero bond charges, which has 153 effective charges.
V. INTERMOLECULAR COULOMB INTERACTION IN SOLID C60
After having presented the values of multipoles and point-charge models for Csp we can now discuss the interaction between Csp molecules in solid arising from the charge distribution of Csp. Since the point-charge models proposed in Sec. IV give the first five nonzero multipoles of Csp correctly, the Coulomb interaction can be well approximated by the interaction of point charges located on the Csp. Thus the Coulomb interaction between molecules I and J is Vip=) ) qq/R. .. iGI gF J (9) where i, j runs over the effective charges of each molecules given in Table III . In our calculations we use the set of charges as given in the first row of Table III , since it has fewer interaction centers than others.
We show various contributions to the total potential energy as a function of setting angle P in Fig. 5 . Molecules in each sublattice are rotated about their [111] directions starting from the standard orientation (P = 0).
In order to make comparison between different models we show the Lennard-Jones potential, the LLM point-charge model, and our multipole model in Figs. 5(a), 5(b), and 5(c), respectively. The first thing we notice is that the potential energy from the multipole expansion is about ten times less than that from LLM. Thus when our multipole interaction is used, the orientational dependence of the 12-6 potential will become important in the selection of the ground state. Note 
